Introduction: The success of a bioartificial pancreas crucially depends on ameliorating encapsulated beta cells survival and function. By mimicking the cellular in vivo niche, the aim of this study was to develop a novel model for beta cells encapsulation capable of establishing an appropriate microenvironment that supports interactions between cells and extracellular matrix (ECM) components. Methods: ECM components (Arg-Gly-Asp, abbreviated as RGD) were chemically incorporated in alginate hydrogels (alginate-RGD). After encapsulation, INS-1E beta cells outcome was analyzed in vitro and after their implantation in an animal model of diabetes.
Introduction
Transplantation of insulin-producing cells has shown potential to become a widely applicable treatment for diabetes. 1 Nevertheless, this procedure is still associated with a high rate of graft failure, mainly caused by immune attack and poorly functioning cells. 2 With a bioartificial pancreas the immune attack is attenuated; however, graft failure is still frequently reported. 1 During the isolation procedure, the islets' microenvironment is destroyed and the loss of extracellular matrix (ECM) impairs cells functioning and survival. 3 The lack of ECM components is even more problematic when individualized beta cells are used off the islets supportive microenvironment. The advantage of using beta cells (from cell lines or derived from stem/pluripotent cells) is that it could be an inexhaustible and immunocompatible source of beta cells, solving the lack of islets donors and the rejection issue, in the case of autologous source. Therefore, for bioartificial pancreas success, using islets or individualized beta cells is crucial to re-establish and favor the interaction between cells and ECM, by closely mimicking the complex in vivo three-dimensional (3D) microenvironment. 4, 5 The ECM is associated with cell survival, morphology, growth, migration, function, and differentiation processes. 6 Likewise, cell-ECM interactions are mandatory for survival and proper functioning of insulin-secretion cells. Collagen I, collagen IV, laminin, and fibronectin lead to increments in viability and insulin production, both in individual beta cells and islets from human and animal models. [7] [8] [9] [10] Nevertheless, islets beta cells are unable to form an ECM basement membrane, which is damaged during the isolation and absent in disaggregated beta cells. 7 Moreover, the treatment with laminin improves MIN6 beta cells functioning in an integrin dependent manner, highlighting the crucial importance of ECM components to cellular maintenance. 7 The increment of insulin-producing cells functioning, favored by their interaction with ECM, has already been reported in two-dimensional (2D) and 3D models of cellular encapsulation. [10] [11] [12] [13] 3D spherical models of alginate hydrogels are the most frequently and successfully used in beta cells encapsulation and have already been applied in clinical studies. [14] [15] [16] Accordingly, modification of alginate hydrogels by incorporating ECM components is a promising approach to improve cell survival and function, and increase the success of this therapeutic strategy. [17] [18] [19] [20] [21] Tripeptide Arg-Gly-Asp (RGD) is present in ECM proteins like fibronectin, laminins, collagen type I, vitronectin, and fibrinogen, and approximately one-third of integrin receptor family recognizes this adhesion peptide. 22 Addition of soluble RGD peptide to culture medium was shown to improve the resistance of rat islets against apoptosis. 10 Culturing beta cells in 2D models also demonstrated to improve insulin secretion in different beta cell lines: in INS-1E cultured in surfaces coated with RGD, 23 in MIN6 cultured in surfaces coated with self-assembled peptide amphiphiles inscribed with RGD, 24 and in β-TC6 cultured in surfaces coated with RGD-modified elastinlike polypeptide. 25 In 3D models of poly(ethylene glycol) (PEG) hydrogels, the presence of RGD also ameliorated MIN6 beta cells viability. 26 Despite the promising results of these approaches and the long-time reported attractiveness of alginate hydrogels for beta cells encapsulation, the introduction of these adhesive peptides in alginate for bioartificial pancreas development has only recently been reported. 27 Llacua et al. showed supported human islets function with physical entrapment of ECM components in alginate microcapsules, namely RGD peptides. 27 In the present work we introduced a more stable and efficient method to incorporate RGD peptides which were chemically linked to alginate backbone. Moreover, besides the in vitro validation, we were able to assess the in vivo performance of our approach.
Therefore, the aim of this study was to investigate the potential of a new model of alginate hydrogels chemically grafted with RGD (alginate-RGD) as an optimal 3D niche for INS-1E beta cells encapsulation and allow transplantation to type 2 diabetic rats (Goto-Kakizaki, GK). Rat INS-1 cells, which were already tested in encapsulation studies in vitro, 28, 29 can be differentiated in stable INS-1E cells. Due to their high insulin content and secretory responses in the physiological glucose concentration range, 30 INS-1E cells constitute a good model for both in vitro and in vivo studies. The GK model is characterized by morphofunctional alterations in beta cells leading to a deficit in insulin secretion pattern, being also a good model to test bioartificial pancreas usefulness. In vitro, the positive effect of RGD peptides on beta cells performance was proved, boosting the in vivo validation.
Materials and methods

Synthesis of alginate-RGD
Sodium alginate (PRONOVA Ultrapure Sodium Alginate LVG, Batch no: FP-606-02, Product no: 4200001, NovaMatrix, FMC Biopolymers) with high guluronate content (≈68%) was used in alginate-RGD synthesis. Celladhesion peptide (glycine)4-arginine-glycine-aspartic acidserine-proline (abbreviated as RGD, GenSript) was grafted to alginate using carbodiimide chemistry, as described in detail in previous studies. [31] [32] [33] Briefly, a 1% (m/v) alginate solution in MES buffer (0.1 MES, 0.3 M NaCl, pH = 6.5) was prepared and stirred overnight at room temperature. Per g of alginate, 27.4 mg of Sulfo-NHS, 48.42 mg of EDC, and 16.7 mg of RGD peptide were sequentially added. After stirring for 20 h, the reaction was quenched with NH 2 OH. During the subsequent 3 days, unreacted species were separated by dialysis (MWCO 3500) against solutions of decreasing concentration of NaCl and finally deionized water. At the end, RGD-alginate was lyophilized and stored at −20°C until further use. The reaction yield was calculated using the BCA Protein Assay (Pierce), as previously described. 33 Briefly, samples were incubated with BCA reagent for 60 min at 37°C in the dark and the absorbance was read at 540 nm in a microplate reader (Biotek Synergy MX). For calibration curve, standard solutions were prepared with RGD peptide concentration ranging from 0 to 1 mg/mL in 1% (m/v) alginate. The efficiency of the coupling process was calculated as:
Cell culture INS-1E beta cells from rat insulinoma were cultured at 37°C under a 5% CO 2 humidified atmosphere, in RPMI 1640 medium, supplemented with 10% (v/v) fetal bovine serum, 100 U/mL penicillin + 100 µg/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 50 µM of β-mercaptoethanol.
Cell encapsulation
Alginate for cell encapsulation was prepared in 0.9% (m/v) NaCl at a final concentration of 2% (m/v), containing 0 or 200 µM of RGD peptide (Alg-0 or Alg-RGD, respectively). Briefly, trypsinized cells corresponding to a concentration of 5 × 10 6 cells/mL were carefully mixed with alginate solution and the mixture was extruded under a coaxial nitrogen flow using a Var J1 encapsulation unit (Nisco), 34 or through a 25G needle (for in vitro and in vivo studies, respectively). Alginate hydrogels were crosslinked in an isotonic solution with 100 mM CaCl 2 and 10 mM HEPES during 15 min, washed and cultured under standard conditions. For size and shape evaluation, spheres were observed through microscopy (stereo microscope SZX10, Olympus, and inverted microscope Axiovert, Zeiss). Photographs were captured, and software Image J was used for diameter measurement.
In vitro behavior of encapsulated cells
Cell viability. Cell viability was assessed by live/dead assay (Invitrogen), performed at days 1 and 7, according to the manufacturer's instructions. Briefly, microspheres were washed and incubated at 37°C with 1 mM calcein AM to stain live cells and 2.5 mM ethidium homodimer-1 (EthD-1) to stain dead cells. After 45 min, the supernatant was replaced by fresh medium and, at the time of analysis, the medium was changed to TBST with CaCl 2 ( for 5 s and 60°C for 20 s. Melting curves were obtained by increasing the temperature from 50 to 95°C in increments of 0.5°C. The housekeeping gene hypoxanthine phosphoribosyltransferase 1 (Hprt1) was used as the endogenous assay control. The expression value for each target gene was normalized to the Hprt1 gene and the relative quantification of gene amplification was calculated as follow: 2 ΔCt , represented in relation to the control expression (Alg-0). The sequence of the primer pairs used is indicated in Table 1 .
Transplantation of encapsulated cells
Animals and surgical procedure. Type 2 diabetes GK rats from our local colonies (FMUC, Coimbra, Portugal) were maintained under controlled light, temperature, and humidity conditions and with free access to water and a standard diet (AO3, Panlab). The experimental protocol was approved by the local Institutional Animal Care and Use Committee of the Faculty of Medicine, University of Coimbra. All animal care and experimental procedures were performed in accordance with the Portuguese Law on Experimentation with Laboratory Animals, which is based on the principles of laboratory animal care, as adopted by Directive 2010/63/EU, and by users licensed by the Federation of Laboratory Animal Science Associations (FELASA). Rats between 22 and 26 weeks of age were divided into three experimental groups: GK control (GKc) -control rats (n = 4); GK vehicle (GKv) -rats implanted with empty alginate-RGD spheres (n = 3); GK implanted with cells (GKi) -rats implanted with INS-1E cells encapsulated in RGD-alginate spheres (n = 3). 24 h after cell encapsulation, each rat was implanted with 100 spheres of about 2 mm, containing 5 × 10 6 cells (GKi). GKv rats received the same number of spheres without cells. The surgical procedure consisted in anaesthetizing the animals with ketamine/chlorpromazine and implantation of the spheres in the subcutaneous space located in the neck. This place has adequate space, good physical support and vascular supply and required a minor surgery. The implant remained in rat for 21 days. Allowing an easier handling, bigger spheres with the same cell density as microspheres (5 × 10 6 cells/mL) were used for in vivo implantation.
Body weight and glycaemia determination. Body weight was determined in fasted rats (6 h) at the beginning and at the end of the experimental period (21 days). Water and food intake were daily monitored during the whole period.
Occasional glycaemia was evaluated, at the same hour, before implantation (day 0) and at days 1, 2, 3, 4, 5, 7, 11, 18, and 21 after implantation. Fasting glycaemia was measured after 6h of fasting, at day 0 and 21. Intraperitoneal glucose tolerance test (IPGTT) was carried before the implantation and 7 days afterwards. For that purpose, glucose (1.8 mg/kg) was intraperitoneally injected in rats and Table 1 . Sequence of primers used for qRT-PCR.
Gene
Sequence of primers Reference
Ins1
Ins1, insulin 1; Pdx1, pancreatic and duodenal homeobox 1; Glut2, glucose transporter 2; Sur1, sulfonylurea receptor 1; Col1a1, collagen type I alpha 1; Col4a1, collagen type IV alpha1; Lama1, laminin alpha 1; Fn1, fibronectin 1; Itga3, integrin alpha 3; Itgb1, integrin beta 1; F, forward primer; R, reverse primer. glycaemia measured 15, 30, 60, 90, and 120 min after glucose loading. All glycemic levels were determined in tail vein peripheral blood using a glucometer and test strips (Elite, Bayer).
Blood biochemical analyses and insulinemia. Fasting blood (6 h) was collected at the end of the 21 days by cardiac puncture from anaesthetized animals. Serum and plasma were separated by centrifugation (3500g, 10 min, 4°C) in adequate tubes (BD Vacutainer and BD Vacutainer K3E EDTA, respectively) and stored at −80°C. Blood levels of urea nitrogen, creatinine, urates, total proteins, albumin, alanine transaminase, aspartate transaminase, alkaline phosphatase, and total bilirubin were measured by an automatic analyzer (Olympos Diagnóstica, Produtos de Diagnóstico SA). Insulin levels were determined by ELISA method, using a commercial kit (Ultrasensitive Rat Insulin ELISA, Mercodia), according to manufacturer's instruction. Briefly, after the samples incubation with anti-insulin antibody carrying peroxidase and with enzyme substrate, absorbance was read at 450 nm using a microplate reader (Biotek Synergy MX). The insulinresistance (HOMA) and insulin-sensibility (QUICKI) indexes were calculated as follows: 
Statistical analysis
Statistical analyses were performed using GraphPad software. Shapiro-Wilk and D'Agostino tests were used to assess the normal distribution of variables. Differences were assessed by Mann-Whitney test for comparisons between two groups and by Kruskal-Wallis (Dunn's post hoc test for multiple comparisons) for comparisons between three groups. Two-way analysis of variance was used when more than one factor was considered. Wilcoxon signed-rank test was used to assess the differences in gene expression. Differences were considered statistically significant for p values <0.05. All data are presented as mean ± standard error of mean (SEM).
Results
Effect of RGD-grafted alginate on in vitro metabolic activity, proliferation, and viability of encapsulated INS-1E cells
Produced microspheres showed a uniform spherical shape with average diameter of 1270 ± 69 µm ( Figure  1(a) ). INS-1E beta cells were uniformly distributed inside hydrogels and the presence of adhesion peptide RGD showed a positive effect on cellular behavior. Comparing both encapsulation conditions (Alg-0 and Alg-RGD), levels of dsDNA, which allow assessment of cell proliferation, were significantly higher at days 4 and 7 on cells encapsulated in Alg-RGD (p < 0.01 and p < 0.001, respectively). Moreover, the significant increment of dsDNA reached the plateau earlier in RGD-free counterpart (day 4) than in Alg-RGD condition (Figure 1(b) ). Accordingly, cellular metabolic showed a significant increase in Alg-RGD at days 4 (p < 0.01) and 7 (p < 0.001). Again, cells in contact with RGD significantly increased linearly their metabolic activity throughout the 7 days of culture, while in Alg-0 condition, a tendency to stabilize after day 4 was observed (Figure 1(c) ). Cellular metabolic activity displayed a similar profile as dsDNA levels, suggesting that when increased metabolic activity was observed it might have resulted from the increased number of cells. The confocal images of Live/Dead assay confirmed the previous results. In Alg-RGD stainings there were more viable cells than in Alg-0 condition (Figure 1(d) ), showing again the essential presence of such adhesive peptides. Moreover, comparing confocal images of live/dead assay at days 1 and 7, beta cells were able to form multicellular aggregates or spheroids. Depicted in more detail in Figure 1(d) -iii, these advantageous beta cells' conformations seem to have been favored by the presence of RGD. In Alg-0 condition, many individualized cells were still observed (Figure 1(d) 
Effect of RGD-grafted alginate on insulin secretion and insulin-related gene expression of encapsulated INS-1E cells
Insulin secretion, the pivotal role of beta cells, was also positively influenced by adhesive peptides. Figure 2(a) shows glucose-mediated insulin secretion from INS-1E cells was improved by presence of RGD peptides, especially when cells were exposed to high glucose concentration stimulus. In presence of the same number of cells, in Alg-RGD condition, insulin secretion increased 2.5-fold between low and high glucose stimuli (p < 0.001) whereas it increased only 1.4-fold (p < 0.05) in Alg-0. Although there was no glucose stimulation for this assay and only basal insulin was measured, cells with RGD showed a tendency of increased mRNA average expression of genes involved in insulin secretory machinery such as insulin (Ins1), pancreatic and duodenal homeobox (Pdx1), glucose transporter 2 (Glut2), and sulfonylurea receptor (Sur1) (Figure 2(b) ), following the insulin secretion profile.
Effect of RGD-grafted alginate on the expression of ECM components of encapsulated INS-1E cells
The incorporation of RGD peptides seems to induce the ability of INS-1E cells to produce endogenous ECM. In fact, a tendency to increased gene expression of matrix components, including collagen type 1 (Col1a1), collagen type IV (Col4a1), laminin (Lama1), and fibronectin (Fn1) was observed when RGD was present in the hydrogel as compared to the RGD-free counterpart (Figure 2(c) ). mRNA expression of integrin receptors in Alg-RGD showed the same trend, particularly for integrin α3 (Figure 2(c) ). 
Glycemic profile, insulin levels, QUICKI and HOMA indexes of diabetic rats implanted with encapsulated INS-1E cells in Alg-RGD model
Aiming to verify surgery-induced variations in rats' diet routine and body weight, animals were weighted and daily food and water intake was evaluated during the whole experimental period ( Table 2 ). Comparing with control rats (GKc), no surgery-induced effects were observed in both body weight and food intake in GKv and GKi rats. However, water consumption denoted a different profile between groups, confirmed by Kruskal-Wallis test (p = 0.05). Notably, GKi rats showed a trend to decrease water ingestion (p = 0.09 between GKc and GKi), which suggests improved glucose profile. Regarding blood biochemical analyses, no alterations of renal and hepatic parameters were observed, indicating the absence of surgery-induced toxicity ( Table 2) .
As depicted in Figure 3 , glycemic profile of diabetic rats implanted with encapsulated beta cells (GKi) showed a notable improvement. Occasional glycaemia decreased in both GKv and GKi rats from 24h after implantation and was maintained in GKi during the whole experimental period (p < 0.01 in days 3, 4, and 21 and p < 0.001 in remaining, compared to GKc rats). On the other hand, the decrease in GKv was transient, possibly related to surgery stress. At the end of experiment GKv glucose values were close to those of GKc and significantly different from those of GKi (p < 0.05) (Figure 3 (a)-i). For easy viewing and understanding of this figure, symbols related with statistical significance were not presented. Comparing the occasional (Figure 3(a) -ii) and fasting (Figure 3(b) ) glycaemia at the beginning (day 0) and at the end of the experiment (day 21), GKi rats showed a significant decrease at both levels (p < 0.05), being lower than GKc rats' values at the same day (p < 0.05). Moreover, occasional and fasting glycaemia depicted respectively average values of 119 mg/dL and 142 mg/dL, which are below of thresholds for diabetes (⩾126 mg/dL and ⩾200 mg/dL, respectively). Figure 3(d) shows IPGTT before (day 0) and 7 days after implantation (day 7). Both GKc and GKv groups did not change their glucose levels, whereas GKi rats showed an improvement of glycaemia 2 h after glucose load (p < 0.05). The between-group comparison in glucose at each time-point of IPGTT before (D0) and after (D7) implantation, corrected for interindividual variability glucose tolerance (Figure 3(c) ), confirms that only GKi decreased 2 h glucose levels, comparing both with GKc (p < 0.05) and GKv (p < 0.01). Despite no alterations between groups were observed in fasting insulin levels (Figure 3(e) ), improvements of insulin sensitivity index (QUICKI) (p < 0.05) and insulin resistance index (HOMA) (p < 0.05) were observed in GKi rats, when compared to GKc rats (Figure 3(f) and (g) ).
Histologic analyses
After 21 days of subcutaneously implantation, hydrogels and surrounding tissues were removed, fixed and used for histological analyses. Figure 4 shows the implant site and adjacent structures (skin, subcutaneous tissue and muscle) of both control and implanted rats. A thin membrane of collagen surrounding the implanted hydrogels was observed (Figure 4 (a)-ii and (b)-ii, black filled arrow). In more detail (Figure 4(c) and (d) ), independent of absence or presence of INS-1E beta cells (GKv and GKi, respectively), this membrane shows a moderate inflammatory infiltrate (white asterisks), usually reported in this type of procedures. However, this membrane showed to be well vascularized, with a presence of many microvessels (white arrows). Regarding the implanted beta cells, they notably show a positive staining for insulin, indicating the viability and insulin production activity of these cells (Figure 4(e) ). Unlike the in vitro findings, INS-1E cells were not able to form pseudo-islets spheroids while implanted in rats, and only a few INS-1E agglomerates were detected inside the hydrogels ( Figure  4 
Discussion
Clinical application of bioartificial pancreas will greatly improve quality of life of diabetic patients worldwide. A crucial aspect to ameliorate function of hydrogel-encapsulated beta cells is the establishment of appropriate niche to support interactions between cells and ECM components, mimicking the complex in vivo 3D microenvironment. 4, 5 The proposed model of RGD-grafted alginate hydrogel demonstrated to be an adequate in vitro niche for promoting beta cells' viability, proliferation and activity, namely by improving their key role of insulin secretion. The inability of beta cells to produce their own basement membrane elements, reported by others, 7 seems to be overcome with our model, which was able to promote cell-matrix interactions, not only with incorporated RGD but also with newly expressed endogenous ECM components.
The presence of adhesive peptides also favored assembly of cells into spheroids, leading to better performance observed in beta cells in this condition, namely in terms of insulin secretion. This conformation, also named pseudoislets, is an essential configuration for proper beta cell functioning and was already demonstrated to improve beta cell performance. 35 Chowdhury et al. compared the behavior of MIN6 beta cells dispersed in monolayers or aggregated in pseudo-islets conformation and showed that latter architecture was critical for proper beta cell functioning, ameliorating insulin secretion ability to values superimposable to those observed in human islets. 35 This ability of cellular organization, enhanced by the ECM-enriched environment, boosts the usefulness of single beta cells instead of islets, which are restricted to donors' availability.
Previous studies including RGD in 3D models for bioartificial pancreas already demonstrated their beneficial effects, although using higher peptide's concentration than the one used in this study, which is an indication of high efficiency of our model. In RGD-modified PEGDA hydrogels, the RGD concentration reported to increase insulin secretion was 25-fold higher than the one used in our model. 13, 26 In a recent study, Llacua et al. demonstrated, in alginate hydrogels, an improvement in glucose induced insulin secretion mainly when islets were co-encapsulated with RGD at 1000 µM. 27 In our alginate model, the improvement in ECM environment was carried out by introducing RGD at 200 µM, indicating its effectiveness. In the presented approach, RGD peptides were introduced by carbodiimide chemistry, building a more reliable model in which low concentration of peptides are covalently linked to alginate backbone, in contrary to the mentioned study, where ECM components were only physically entrapped in hydrogels. 27 Moreover, by using fewer chemical linking sites with RGD we could covalently link other biological entities of interest to further functionalize our alginate model and enhance its properties. Also different from the same study, 27 the success of our approach was validated in vivo.
In vitro comparison between two experimental conditions (Alg-0 and Alg-RGD) validates the success of RGD effects in cellular outcome, motivating us to allotransplant this RGD-enriched model into type 2 diabetes rats. In vivo, our pivotal model for diabetes treatment showed to improve the glycemic profile of diabetic rats. Rats' body weight maintenance during the whole experimental period sets aside the hypothesis of weight loss influence on insulin resistance and suggests the better efficiency of insulin secreted from encapsulated cells. Fasting insulin levels did not change but, in fact, this measurement does not reflect hormone secretion after a meal. Insulin positive immunostaining observed in histological analysis helped to dispel our doubts about the improvement of glycemic profile. Additionally, rats demonstrated to improve their insulin sensitivity. This hormone was used more properly, leading to decreased levels of fasting and occasional glycaemia as well as to a better performance in glucose tolerance test. Our results demonstrated the RGDenriched hydrogel model efficacy in vivo and revealed the positive effect and usefulness of this methodology also in type 2 diabetes. Actually, the application of bioartificial pancreas has only been reported in type 1 diabetes recipients, triggered by its incapacity of insulin production. 16, 36 As to our knowledge, there are no studies elucidating the application of this methodology in type 2 diabetes, even if some authors highlighted the positive outcome of insulin therapy at early stages and its administration becomes mandatory in advanced stages of the disease.
Conclusion
The developed alginate-RGD model demonstrated to be a good in vitro niche for supporting beta cells functionality, improving their insulin secretion capacity. In vivo, our model showed to improve glycemic profile of diabetic rats, where insulin secreted from encapsulated cells was more efficiently used. For the first time, the beneficial use of bioartificial pancreas in type 2 diabetes was demonstrated.
In future studies, we aim to improve the performance of our model, by reducing hydrogels size and maintaining encapsulated cells in culture until its proliferation and organization into advantageous pseudo-islets configuration.
Concluding, the proposed system stands out as a promising approach to improve beta cells survival and function and increase the success of this therapeutic strategy to treat diabetes.
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